Cyclosporin A (CSA) is commonly used to prevent graft-vs-host disease. 
Abstract
Cyclosporin A (CSA) is commonly used to prevent graft-vs-host disease. The influence of CSA on T cell function has been extensively investigated however; the effect of CSA on NK cells is less understood. NK cells were cultured with IL-2 and IL- 15 For personal use only. on October 28, 2017 . by guest www.bloodjournal.org From
Introduction:
Following allogeneic hematopoietic cell transplantation (allo-HCT), graft vs. host disease (GVHD) is a major cause of morbidity and mortality. In the late 1980s, drugs such as cyclosporine A (CSA) were introduced as post-transplant immune suppression.
CSA is a cyclic oligopeptide derived from the fungus Tolypocladium inflatum and was heralded as a revolutionary agent with T cell selective immune suppressive properties. 1 However, it is now clear that CSA modifies the function of many cell types, including non-T cell lymphocyte populations. To date, the effects of CSA on NK cell function have not been fully investigated.
Both murine and human studies show that NK cells mediate a number of potentially beneficial functions following allo-HCT including: eliminating residual malignant cells, removal of host antigen presenting cells (thereby reducing GVHD), and mediating immunity to viral pathogens directly through the cytolyisis of virally infected tissues or indirectly by elaborating inflammatory cytokines, such as interferons (IFN). 2, 3 NK cell function is governed by a series of both inhibitory and activating surface receptors (reviewed in 4, 5 ). Such receptors include killer immune globulin like receptors (KIRs), NKG2D and the natural cytotoxicity receptors (NCRs), NKp30, NKp44 and NKp46. The ligands for these receptors have partially been identified and include MHC class I (for KIR), MHC class I like proteins (for NKG2D) and viral derived proteins (for NCRs). [6] [7] [8] [9] Recently the Perugia group published results suggesting that NK cells play a critical role in graft vs. leukemia (GVL) reactions. Following conditioning chemotherapy, patients received T cell depleted and CD34 + selected haploidentical grafts.
For personal use only. on October 28, 2017 . by guest www.bloodjournal.org From Post-transplant immune suppression was not used due to stringent T cell depletion. In some recipient-donor pairs, the donor possessed MHC alleles (i.e., KIR ligands) that were not expressed by the recipient. In this so-called, "KIR ligand mismatched" situation, NK cell clones which are not restrained by host MHC class I can exist and have GVL potential. 10 Recipients with acute myelogenous leukemia (AML) who received a haploidentical transplant from a KIR ligand mismatched donor had a marked reduction in relapse compared to an otherwise similar group of AML patients without this mismatch (0% vs. 75%). 3 In contrast, a large retrospective analysis of unrelated donor, T cell replete transplants from the National Marrow Donor Program showed no decrease in AML relapse following KIR mismatched transplants. 11 Similar results have been found by other groups. [12] [13] [14] [15] [16] There were a number of differences between these two transplant settings including donor source (sibling/parent vs. unrelated), HLA matching (haploidentical vs. matched unrelated), the presence of T cells (severe depletion vs. T cell replete) and the use of post transplant immune suppression (absent vs. present). This latter issue led us to investigate the influence of CSA on NK cell function. Here we show that CSA has a number of profound and unexpected effects on NK cell phenotype and function. 
Methods

Cell culture
Enriched NK cell populations were cultured in DMEM:Hams F12 (2:1) with 10%
human AB -sera (SeraCare, Oceanside, CA), 2-β mercaptoethanol (24 µM), L-ascorbic acid (24 mg/L), sodium selenite (50µg/L), ethanolamine (50µM) and penicillinstreptomycin (100 U/ml of each). At the start of cultures IL-2 (100 U/ml, Chiron, Emeryville, CA), and IL-15 (10 ng/ml, Preprotech, Rockyhill, CT) were added.
Cyclosporine A (Bedford laboratories, Bedford, OH) was diluted in ethanol (1 mg/ml) and added at final concentrations from 0.1-5 µg/ml. Vehicle control cultures were set up in parallel using ethanol (EtOH).
Flow cytometry and FACS sorting
The following antibodies were used: CD3, CD16, CD56, CD158a, CD158b, 
Cytotoxicity assay
Cr release assays were performed as previously described. 18 Briefly, target cells were labeled with 3 x 10 -4 Ci of 51 Cr (Dupont/NEN, Boston, MA) for 1-2 hours at 37°C, 5% CO 2 . Labeled cells were washed three times with PBS and plated in triplicate in 96-well round-bottom plates (10 4 cells/well). Specified ratios of NK cells were added and incubated for 4 hours at 37°C, 5% CO 2 . Assay supernatant was collected and counted using a gamma counter. The percent lysis was calculated using the following equation:
% specific lysis = 100 X (test release -spontaneous release) / (maximal releasespontaneous release).
Where stated, target cells were treated with the pan-MHC class I blocking mAb HP-1F7 (kindly provided by Dr. M. López-Botet (Hospital de la Princessa, Madrid, Spain)). Briefly, 51 Cr labeled target cells were washed and resuspended (10 6 cells/ml Ab) were diluted 10 fold with RPMI 1640 containing 10% FBS and 100 µl was plated in 96-well round-bottom plate. NK cells were add at specified ratios (in 100 µl) and incubated for 4 hours at 37°C, 5% CO 2 . The final concentration of mAb was 6.25 µg/ml.
Ca
2+ imaging
To assess dynamic [Ca 2+ ]i changes in individual NK cells, the Ca 2+ -sensitive fluorophore fura-2 AM (Molecular Probes) was used. NK cells were allowed to adhere onto 25-mm 2 glass slides and were placed on the stage of an inverted microscope (Nikon Diaphot). Cells were loaded with 10 nM fura-2 AM and 2.5 µg/ml pluronic acid (Molecular Probes) for 20 min, followed by 20 min in Ca 2+ -containing solution to allow for deesterification before the experiment. Following this, K562 cells were added and ratiometric imaging was performed with the excitation wavelengths of 340 and 380 nm and an emission wavelength of 510 nm. Imaging was with an intensified charge-coupled device camera (Photonic Science, Robertsbridge, UK) using Metafluor image capture and analysis software (Fryer, Bloomington, MN). Ca 2+ calibration was achieved by measuring a maximum (with 1 mM ionomycin) and a minimum (with 10 mM EGTA).
Intracellular free Ca 2+ was calculated assuming a dissociation constant of 220. 19 For each experiment 10-20 cells were visualized and ratiometric data was acquired from individual cells.
Western Blotting
Cell lysates (50µg) were prepared from NK cells after culture for 7 days using freshly made lysis buffer (10mM Tris-HCl (pH=8), 150 mM NaCl, 1 mM EDTA, 1% gradient polyacrylamide gel and transferred to a PVDF membrane. Membranes were blocked with 5% non-fat milk. One portion of the membrane was probed with an NFAT-1 antibody (BD Biosciences, CA) while the other portion was probed with an antibody against actin (Santa Cruz Biotechnology, Santa Cruz, CA). Both were probed with a species specific secondary HRP-conjugated antibody and developed using chemiluminescence (ECL, Amersham Piscataway, NJ).
ImageStream Analysis
At day +7, NK cells were washed and co-cultured with K562 cells (1:1 ratio) for 10 minutes then fixed with 4% paraformaldehyde, and permeabilized using an equal volume of 0.1% Triton X-100. Cells were then stained with 1 µg NFAT-1 specific antibody, followed by secondary staining with goat anti-mouse IgG. Thereafter cells were blocked with mouse Ig for 30 minutes and stained with CD56 and glycophorin A for 30 minutes. Cells were washed and resuspended in PBS and 5 µl of 7-AAD (0.5 mg/ml) was added. Analysis was performed using an imagestream 100 (Amnis, Seattle, WA) and ~5,000 events/sample was acquired. Nuclear focus vs. intensity was used to examine only cells in focus. DNA content was used to identify single cells, eliminating conjugates and debris. Next, cells were gated on CD56 and then NFAT translocation was evaluated using a similarity score for 7-AAD vs. NFAT (a montonic function of Pearson's correlation coefficient between the pixel values of two image pairs, described 
Results
Effect of CSA on NK Cell Expansion
NK cells were isolated from healthy donor PBMCs using negative selection and cultured in IL-2 (100 U/ml) and IL-15 (10 ng/ml) with increasing concentrations of CSA (0.1 -5 µg/ml) or vehicle (EtOH). After 1 week there was a dose dependent reduction in NK cell expansion (figure 1a). Following allogeneic hematopoietic cell transplantation, peak CSA levels reach 0.5 µg/ml -1 µg/ml 22, 23 , thus all further experiments were performed in the presence of CSA at 1 µg/ml. At this dose, NK cell fold expansion was consistently lower than vehicle controls (0.8 ± 0.06 vs. 2.4 ± 1.5, n=10, p<0.01). To investigate whether this reduction in fold expansion in CSA treated NK cells was due to an increase in apoptosis, cultures were analyzed for both fold expansion and the percentages of apoptotic cells at days 3, 5 and 7. As shown in table 1, at day 7, CSA treated NK cells showed a significant reduction in fold expansion and an increase in apoptotic cells relative to controls (n=8).
CSA Differentially Affects NK Cell Subpopulations
NK cells can be separated into subsets on the basis of CD56 receptor density (reviewed in 24 ). 29 In contrast, CSA treated NK cells showed a rise in intracellular Ca 2+ upon contact with K562 cells, but no oscillations were noted (figure 3a).
We next investigated NFAT-1 expression in cultured NK cells and found no 
Functionality of CSA Exposed NK Cells
To investigate the effect of CSA on NK cell cytotoxicity, CSA or vehicle control treated NK cells were used for 51 Cr release assays. Next, differences in activating receptor expression were investigated. After one week the majority of cells in either condition (CSA or vehicle) expressed NKp30, NKp44, NKp46 and NKG2D. However, differences were noted and a representative donor is shown in figure 5a . To quantify these, the relative change in the gMFI was n=16) . In CSA treated cultures the gMFI for NKp30 increased relative to controls (p=0.01) (figure 5b). In some donors (7/16), increases were also noted for NKp46, but this was not significant (p=0.36). Interestingly, decreases in the gMFI were noted for NKp44 (p=0.06) and NKG2D (p<0.01) in CSA treated cultures.
Similar changes for activating receptors were noted in the FACS purified Conflicting results have been reported regarding the influence of CSA on NK cell cytotoxicity. Introna showed that short-term exposure to CSA (20 hours) significantly inhibited K562 cytolysis 40 , while Shao-Hsien found no impact of CSA on K562 killing using the identical experimental design. 41 After culture of PBLs with CSA for three days there was no adverse effect on NK cell cytotoxicity. 34 In a rodent model, CSA inhibited T cell responses to alloantigen but did not affect NK cell responses, supporting the concept that T cells may be affected at a lower CSA dose compared to NK cells. 42 More recently
Poggi has shown that CSA inhibits NK cell apoptosis upon target encounter. 43 Across a series of donors, we observed slight increases in the cytotoxicity of CSA treated cultures.
Differences in cytotoxicity between CD56 dim and CD56 bright cells are well documented. 51 Protection from apoptosis may also account the increased cytotoxicity seen in CSA treated NK cells, as has previously been reported 43 .
However, the lack of nuclear translocation of NFAT in CSA exposed NK cells suggests that following target engagement, the downstream genetic programs driven by NFAT are likely not triggered. What effects this has on later stages of NK cell activation are not well understood.
One of the main immune suppressive actions of CSA is thought to be through inhibition of cytokine gene transcription. 25 Statistical analysis was performed using Wilcoxon singed rank test. Table Legends   Table 1 : CSA induces a reduction in NK cell fold expansion due to an increase in apoptosis. NK cells were isolated and cultured in IL-2 (100 U/ml) and IL-15 (10 ng/ml) ± CSA. Cells were enumerated at days 3, 5, and 7 of culture and the average ± SD is shown (n=8). Apoptosis was evaluated by FACS staining for annexin V and PI at the above time points. Cells were considered apoptotic if annexin V + /PI -or annexin V + /PI + and the average % of apoptotic ± SD is shown (n=8). NS, not significant figure 2E for representative donor). Table 2 For personal use only. on October 28, 2017. by guest www.bloodjournal.org 
